Abstract-Ageing of paper insulation within oil immersed power transformers is the determining factor for the transformer expected life. A thermal diagram as shown in the lEe 60076-2:2011 standard specified a hot spot factor method to estimate the hot spot temperature based on heat run test data. The hot spot factor is split into a Q factor, which depends on loss distribution within winding, and an S factor, which depends on oil flow distribution within winding cooling ducts. In this paper, an experiment is conducted on a disc type winding model to study the hot spot factor under fixed winding geometries subjected to wide range of inlet flow rates and uniform or non-uniform power loss injections. The hot spot factor is calculated from measured temperatures within the winding model using thermocouples.
INTRODUCTION
In-service ageing of a power transformer is mainly determined by its Hot Spot Temperature (HST), defined as the hottest temperature within the transformer winding. The HST is affected by transformer winding geometries, total winding flow rate and loss distribution within the winding. It is widely accepted that ageing rate of paper insulation doubles each 6 K rise above the rated HST [1] [2] . Prediction of the HST requires detailed knowledge of transformer winding geometries, flow distribution within the winding cooling ducts and loss distribution within the winding. An empirical method is given in the IEC 60076-2:2011 to estimate HST using heat run test data and a predefined Hot Spot Factor (H).
During a heat run test, the ambient temperature 8a, the bottom oil temperature rise b.8b, the top oil temperature rise b.8o and the mean winding temperature rise b.8w are recorded. Measured temperature rises during a heat run test are presented on a thermal diagram as shown in Fig. 1 in which oil and winding temperature rises are assumed linear along winding height [2] . The gradient g is the temperature difference between the mean oil temperature rise b.8o m and b.8w. The HST rise b.8h is estimated using equation (1) where H is the Hot Spot Factor.
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Presenting the H with an analytical formula was considered by [3] and it was concluded that it is not reasonable to recommend any analytical formula for it. From a collection of heat run tests which included measurements of the HST using fibre optics, it was found that among the transformers studied the H ranged from 0.51 to 2.06 [3] . It was observed in [3] that the H does not depend on cooling mode or transformer power level. The H was calculated and presented in [4] from a set of thermal tests on Oil Natural Air Natural (ONAN), Oil Natural Air Forced (ONAF) and Oil Directed Air Forced (ODAF) power transformers. It was found that for studied transformer types, the average value of the calculated H is 1.3. The effective H was deduced based on paper samples obtained from 35 scrapped transformers [5] and it was found that on average the effective H value is 2.95, a much higher value than the assumed 1.3. It was specified in the IEC standard [2] that the H can be presented as multiplication of two separate factors Q and S. The Q factor represents the loss distribution whereas the S factor represents the nonuniformity of flow distribution within cooling ducts. A detailed thermal-hydraulic network model was used by [6] to study a 100-MVA power transformer and the results were used to calculate the H and both Q and S factors. It was concluded that the S and Q factors are not decoupled. It was also observed that the S factor depends on loading level and loss distribution as this affect oil viscosity which influences flow distribution. It was concluded that the concept of the Sand Q factors as defmed in the IEC 60076-2:2011 might not be particularly meaningful [6] . (1)
In this paper, an experiment is conducted on a disc type winding model to study the H, Sand Q factors subjected to uniform and nonuniform losses under OD cooling mode. The experimental setup is presented in Section II. The effect of inlet flow rate on the H is captured. Thermal tests were conducted and all required data to calculate the H were measured and presented in Section III. Finally, Section IV provides a discussion of the results.
II.
EXPERIMENTAL SETUP
The experimental setup consists of a disc type winding model, a radiator, a pump and a flow meter as shown in Fig. 2 . The experimental setup was described in more details in [7] . An external heating unit is added outside of the winding model to control oil inlet temperature. Brief descriptions of the system components are given as follows:
A. Disc type winding model
The winding model consists of three passes and each pass hosts 10 disc segments, henceforth plates. Each plate was heated using two cartridge heaters located within each plate as shown in Fig. 3 . Plates were made of aluminum blocks with 104 mm x 100 mm x 10 mm dimensions. Paper was not wrapped over plates due to the induced difficulty in assembling. This would cause lower I:!.()w than if plates were wrapped and hence affect the calculated H, which will be discussed in section IV. Baffles were made from acrylic sheets with the same thickness as the plates. Two thermocouples were fitted in each plate 10 mm from each end as shown in Fig. 3 . Two thermocouples were used to measure winding model inlet temperature and 1 thermocouple was used to measure winding model outlet temperature. The height of each Horizontal Duct (HD) is 4 mm. Both the Vertical Ducts (VD) have the same width of 12 mm. A multi-channel temperature acquISItIOn system was implemented to provide 64 thermocouple channels. The system was calibrated in a water bath and an accuracy of +\-1 949 °C was achieved. Inlet flow rate was measured using a positive displacement flow meter with an accuracy of +\-0.5% of reading. Multiple variable autotransformers, variac, were used to control power injection to simulate uniform or nonuniform loss distributions. The current and voltage were measured to record the power injection per plate. Table I . Assuming that a plate models a power transformer copper disc segment with a current density of 4 A/mm 2 [1]; 50 W per plate, or equivalently near 2100 W/m 2 power flux density, was assumed which would accommodate for DC copper losses, eddy current losses and stray losses within the winding lower discs. Extra power was injected in top top 5 plates to simulate eddy current losses.
A. Hot spot factor under uniform losses
Inlet flow rate (FR) was changed from 3 litres/minute (lpm) to 18 Ipm, equivalent average winding inlet velocities are shown on Fig. 4 . The total power injection was maintained constant at 50 W per plate. Fig. 4 shows the average winding model temperature profiles for each plate under different flow rates. Table II shows the temperature rises and the calculated H.
The H is calculated using equation (1). Since losses are uniform, the Q factor was assumed 1.0 [2, 6] . The S factor, by definition, was calculated using H = S x Q. It can be observed that the temperature profile is more distorted at higher flow rates due to nonuniform oil flow distribution within horizontal cooling ducts. From Table II , the calculated H is higher for higher flow rates even though the HST is lower. 
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Fig. 4 Average winding model temperature profiles under uniform losses
Nonuniform losses were applied and fixed to a total of 1724 W, as shown in Table I and Fig. 5 , under same range of inlet flow rates. Winding model temperature profiles are shown in Fig. 6 and the measured temperature rises are summarized in Table III . The S factor was assumed equal to that found in the previous uniform loss case, shown in Table II , since the winding model geometries and the tested range of inlet flow rates are the same.
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In both uniform and nonuniform cases, the bottom oil temperatures are almost similar, within 4 O( differences, so oil viscosities at winding inlet can be considered similar for each flow rate between the two cases. It can be observed that the temperature profile is more distorted at lower flow rates. On the contrary of the uniform loss case, the H is lower at higher flow rates since the temperature profile is less distorted and so the HST rise is closer to !::,.() w' Despite the fact that nonuniform losses are fixed for all flow rates, the Q factor decreased with the increase of inlet flow rate. 
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IV. DISCUSSION
The HST is affected by three contributors which are the oil flow rates within horizontal cooling ducts, the oil flow distribution within each pass and the axial and radial loss distributions within the winding. The H is used to empirically compensate for the lack of knowledge of the three contributors by using accumulated experience and the data from heat run tests. The H is split into the Q and S factors. The S factor is affected by uniformity of flow distribution within the winding. The uniformity of oil distribution depends greatly on winding geometries and winding inlet oil flow rates. In the uniform loss tests, it was observed that higher inlet flow rates created more distorted temperature profiles. The Q factor was fixed and set to 1.0 since all the plates had the same power injection.
The H was calculated from tests data shown in Table II and the S factor was then derived from the H and the known Q factor. It was observed that higher flow rates created higher H despite the fact that the HST is lower as can be seen by comparing temperature rises for FR = 3 Ipm and FR = 18 Ipm. This indicates that higher H does not necessarily correspond to higher HST as can be seen in the uniform loss case.
For the nonuniform loss case, similar flow rates and inlet oil temperatures to those of the unifonn loss case were reached. This justifies the assumption that the S factor from the uniform loss case can be used in the H calculation in the nonuniform loss case. The nonuniform losses were fixed for all inlet flow rates and it was observed that higher flow rates lead to lower H and lower HST. Even though the loss distribution is fixed, it was observed that the Q factor is lower for higher inlet flow rates; indicating that the Sand Q factors are interdependent.
Inlet flow rate affects the uniformity of the developed temperature profile. Under uniform loss distribution, it can be observed that higher flow rates create more distorted temperature profiles and lower the HST but the H was higher, comparing FR = 3 Ipm and FR = 18 Ipm in Table II . On the contrary, for nonuniform loss distribution higher flow rates created more uniform temperature profiles and lower HST as well as lower H From this observation, it can be concluded that the H is affected by the uniformity of winding temperature profile which is shaped by both the oil flow distribution and the loss distribution.
Disc segments were modelled in this work using rectangular aluminium plates without paper. This simplification affects both the average winding temperature and the HST. For wrapped composite discs, both the HST and the average winding temperature would be higher; this would make the calculated H slightly lower, since 9 would be higher.
V.
CONCLUSION
In this paper, an experimental setup was used to conduct artificial heat run tests on a disc type winding model. All temperature rises required to calculate the Hot Spot Factor (H) were recorded using thermocouples. The inlet flow rate was changed from 3 Ipm to 18 Ipm and both uniform and 951 nonuniform power injection were applied in order to decouple the H into its two defined Sand Q components by the IEC 60076-23 :20 11 standard. It was demonstrated that the Sa nd Q factors are interdependent and cannot be decoupled. It was observed that the H is affected by inlet flow rate. Under unifonn losses, the H factor increased with increasing flow rate though the HST is lower at higher flow rates. On the other hand, it was observed that the H factor decreased with increasing flow rates for nonuniform losses and so was the HST.
